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FOREWORD 


This  report  presents  the  results  of  an  experimental  investigation  of 
the  aerodynamic  characteristics  of  an  isolated  rotor  operating  in  ground 
effect  at  low  advance  ratios.  Rotor  forces  and  moments  were  measured  as 
a  function  of  height-to-diameter  ratio,  advance  ratio,  collective  pitch 
and  horizontal  acceleration.  In  addition,  flow  visualization  studies  were 
conducted  to  assist  in  understanding  the  complex  ilow  field  that  was  found 
to  exist  under  the  rotor  at  these  low  forward  speeds. 

These  experiments  were  conducted  in  a  unique  facility,  the  Princeton 
Dynamic  Model  Track  in  which  the  model  is  mounted  on  a  carriage/track  system 
and  moved  through  still  air.  Proper  simulation  of  the  flow  boundary  condi¬ 
tions  equivalent  to  helicopter  flight  over  the  ground  is  thus  achieved  in 
this  facility.  Furthermore,  the  influence  of  acceleration  and  deceleration 
on  the  rotor  forces  and  moments  can  be  studied. 

This  final  report  presents  all  of  the  experimental  data  taken  in  the 
course  of  the  investigation  along  with  a  discussion  of  some  of  the  important 
experimental  results. 
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INTRODUCTION 


It  has  been  known  for  some  time  that  when  a  lifting  rotor  is  operated 
close  to  the  ground  at  low  speeds,  the  rotor  wake  is  highly  distorted  by 
the  presence  of  the  ground.  Close  to  the  ground,  the  rotor  wake  rather 
than  entirely  flowing  downstream  splits  and  a  portion  of  the  rotor  wake  flows 
forward  (upstream)  and  then  recirculates  through  the  rotor  or  forms  a  vortex 
or  roughly  horseshoe  shape  under  the  rotor  depending  upon  the  rotor  oper¬ 
ating  condition.  This  experimental  investigation  was  undertaken  with  the 
objective  of  providing  experimental  data  on  the  forces  and  moments  on  a  rotor 
operation  in  conditions  where  the  recirculating  flow  or  ground  vortex  is 
present.  Previous  investigations  have  shown  that  the  presence  of  this  com¬ 
plex  flow  field  can  have  a  significant  influence  on  the  behavior  of  heli- 
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copters  flying  near  the  ground.  ’ 

The  investigations  performed  included  extensive  flow  visualization 
studies  over  the  advance  ratio  range  from  0  to  0.1  at  height-to-diameter 
ratios  of  0.23,  0.34,  and  0.45,  at  two  collective  pitch  settings.  The 
six  rotor  forces  and  moments  were  measured  through  this  range  of  test 
variables.  It  was  expected  that  horizontal  acceleration  might  also  in¬ 
fluence  the  rotor  forces  and  moments  and  so  experiments  were  also  conducted 
to  examine  the  influence  of  low  levels  of  translational  acceleration  and 
deceleration. 

This  report  presents  all  ot  the  experimental  data  taken  during  the 
course  of  the  program.  Reference  3  describes  some  of  the  results  of  the 
investigation . 


The  model  rotor  characteristics  are  listed  in  Table  I.  A  four-bladed 
hingless  rotor  with  an  eight-foot  diam,  t;r  was  used  for  the  experiments. 

The  cross  section  of  the  test  facility  is  shown  in  Figure  1  and  a  photo¬ 
graph  of  the  model  installed  in  the  test  facility  is  shown  in  Figure  2.  The 
building  enclosing  the  carriage/track  system  is  30  feet  by  30  feet  in  cross 
section  so  there  should  be  little  effect  of  the  enclosure  on  the  experimental 
results . 

Test  conditions  investigated  are  listed  in  Table  II.  Rotor  collective 
pitch  was  chosen  such  that  nominal  thrust  coefficient-solidity  ratios  are 
characteristic  of  contemporary  helicopters.  Rotor  cyclic  pitch  was  maintained 
constant  at  a  value  such  that  the  rotor  hub  pitching  moment  was  zero  in  the 
middle  of  the  advance  ratio  range  investigated. 

The  method  of  conducting  the  tests  involved  first  setting  the  rotor 
collective  pitch,  cyclic  pitch  and  angular  velocity  to  desired  values.  Then 
the  model  velocity  was  set  by  controls  on  the  carriage.  Two  types  of  experi¬ 
ments  were  conducted.  One  series  involved  running  the  model  at  constant 
translational  velocity  and  in  the  other  set  the  carriage  was  programmed  to 
accelerate  or  decelerate  the  model  at  various  rates  from  some  selected  initial 
velocity  to  a  selected  final  velocity.  This  latter  method  is  considerably 
more  efficient  in  terms  of  data  production  than  the  former  method  since  one 
run  produces  a  continuous  trace  showing  the  dependence  of  the  forces  and 
moments  on  velocity.  Preliminary  experiments  in  this  program  as  well  as 
past  experience  in  related  experiments  conducted  in  this  facility  indicated 
that  the  acceleration  method  of  testing  produces  essentially  quasi-static 
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data  if  the  acceleration  values  are  small  enough.  That  is,  at  a  given 
velocity  during  a  run  with  a  low  level  of  acceleration  it  was  expected 
that  the  forces  and  moments  would  be  the  same  as  obtained  during  a  con¬ 
stant  velocity  run.  However,  in  the  course  of  this  test  program  it  was 
discovered  that  even  very  low  values  of  acceleration  of  the  order  of 
O.Olg's  produced  significant  changes  in  the  rotor  forces  and  moments  com¬ 
pared  to  the  forces  and  moments  at  the  same  steady  velocity  without  accel¬ 
eration.  Note  that  the  shaft  angle  of  attack  is  zero  so  that 
the  effects  shown  are  directly  the  influence  of  translational  acceleration. 

The  effect  of  acceleration  is  discussed  more  fully  later  in  this 
report.  In  examining  the  data  presented  it  should  be  kept  in  mind  that 
acceleration  is  shown  to  be  an  important  parameter  in  determining  the  mag¬ 
nitude  of  the  ground  effect. 

This  result  implies  that  the  nature  of  the  ground  effect  experienced 
by  a  helicopter  will  depend  upon  the  flight  path  and  not  just  on  the 
instantaneous  values  of  the  motion  variables. 

The  dependence  of  the  results  on  low  values  of  acceleration  in  general 
indicates  that  some  appreciable  time  is  associated  with  the  development 
of  a  fully  established  ground  effect  flow  field. 
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RESULTS 


Flow  Visualization 

l 

Smoke  was  emitted  from  a  series  of  probes  located  upstream  of  the 
rotor  as  shown  in  Figures  1  and  2.  The  flow  patterns  were  recorded  with 
a  movie  camera  and  a  video  camera.  Detailed  examination  of  video  tapes 

of  the  flow  field  indicated  the  presence  of  three  distinct  flow  regimes. 

At  the  highest  advance  ratios  investigated  the  entire  rotor  wake  moved 
downstream.  At  intermediate  advance  ratios  a  ground  vortex  was  present 
under  the  rotor  as  illustrated  by  the  photograph  in  Figure  3.  In  the  low 
advance  ratio  range  the  flow  field  is  better  described  as  a  recirculating 

flow.  Figure  4  shows  a  typical  flow  pattern  in  this  regime.  The  recircu¬ 
lating  regime  was  characterized  by  considerable  unsteadiness  at  times 
appearing  somewhat  like  the  vortex  ring  state  encountered  in  vertical 
descent  over  the  upstream  half  of  the  rotor.  There  were  only  small  lateral 
flow  components  in  this  regime  with  the  smoke  tending  to  remain  in  the 
vertical  plane  in  which  it  was  emitted.  Moving  the  probe  off  the  center- 
line  of  the  rotor  indicated  little  or  no  recirculation  in  vertical  planes 
away  from  the  centerline. 

In  the  advance  ratio  range  where  the  ground  vortex  was  present  the 
flow  appeared  to  be  considerably  steadier  and  there  was  significant  lateral 
flow  with  a  well  defined  horseshoe  vortex  under  the  rotor  similar  to  that 
shown  in  Reference  2.  Based  on  analysis  of  the  flow  visualization  data, 
the  occurrance  of  these  flow  regimes  chould  be  characterized  by  the  param¬ 
eter  * 


4 


as  shown  in  Figure  5.  The  physical  significance  of  the  parameter  y*  is 
that  it  determines  the  ratio  of  the  forward  speed  to  the  momentum  value 
of  the  induced  velocity  and  also  can  be  thought  of  as  characterizing  the 
rotor  wake  angle  out  of  ground  effect. 

Note  that  the  gound  vortex  flow  regime  only  exists  over  a  rather 
narrow  speed  range  and  in  the  large  part  of  the  range,  a  recirculating 
flow  is  present.  The  shaded  area  in  the  low  speed  portion  of  the  graph 
indicates  that  there  always  appeared  to  be  some  amount  of  recirculation 
present  at  the  low  speeds,  however  the  recirculating  flow  was  well- 
defined  as  shown  for  example  in  Figure  4  only  in  the  rather  narrow  regime 
indicated. 

Rotor  Forces  and  Moments 

The  experimental  results  are  presented  in  Appendix  A  for  the  majority 
of  parameters  investigated.  Rotor  force  and  moment  coefficients  are 
presented  as  functions  of  height-to-diameter  ratio,  collective  pitch,  and 
translational  acceleration.  Selected  data  comparisons  are  presented  and 
discussed  in  this  section.  Only  the  hub  moment  coefficients,  thrust  and 
torque  are  discussed.  The  rotor  inplane  and  axial  force  measurements  are 
presented  in  Appendix  A.  These  forces  are  small  and  not  particularly  in¬ 
fluenced  by  the  presence  of  the  ground.  This  discussion  concentrates  on 
the  effects  of  acceleration  which  were  only  briefly  described  in  Reference  3 
Initial  experiments  indicated  that  if  the  translational  acceleration  of 
the  model  was  low  enough  then  the  experimental  results  were  not  dependent 
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upon  acceleration.  However  careful  examination  of  the  data  upon  completion 
of  the  experimental  test  program  indicated  that  even  the  lowest  value  of 
acceleration  (.=  O.Olg's)  investigated  had  a  significant  effect  on  the  rotor 
forces  and  moments  in  ground  effect.  The  effects  of  acceleration  are  largest 
at  the  lowest  height-to-diameter  ratio  and  largest  collective  pitch  and 
diminish  with  reduced  collective  pitch  and  increased  height-to-diameter  ratio. 

First  consider  the  effects  of  acceleration.  The  largest  effect  of 
acceleration  and  deceleration  was  measured  at  the  lowest  height  to  diameter 
ratio.  Figure  6  shows  the  effect  of  a  low  level  of  acceleration  and  decel¬ 
eration  on  the  pitching  moment,  rolling  moment,  thrust  and  torque  variation 
with  advance  ratio.  The  effect  of  acceleration  is  particularly  significant 
in  the  pitching  moment  and  thrust  variations.  A  large  hysteresis  loop 
appears  in  the  pitching  moment  curves  and  the  minimum  value  of  the  thrust 
occurs  at  quite  different  advance  ratios  depending  upon  whether  the  rotor 
was  accelerated  or  decelerated  through  the  speed  range.  The  torque  and 
rolling  moment  show  less  sensitivity  to  acceleration  due  in  part  to  the 
fact  that  they  do  not  vary  appreciably  with  advance  ratio. 

The  decelerating  case  involves  starting  the  run  at  an  advance  ratio 

p  ;  0.065.  The  translational  velocity  is  reduced  at  the  rate  of  O.Olg’s 
to  an  advance  ratio  of  p  =  0.02.  The  accelerating  run  is  just  the  reverse 
starting  at  p  =  0.02  and  increasing  to  p  =  0.065  at  an  acceleration  of 
O.Olg's.  In  the  decelerating  case,  the  minimum  thrust  occurs  at  an  advance 
ratio  of  p  =  0.035  while  in  the  accelerating  case  it  occurs  at  p  *  0.047. 

The  measured  decrease  in  thrust  physically  must  be  due  to  increased 
downward  flow  through  the  rotor  due  to  the  recirculation/ground  vortex  flow 
and  the  trends  shown  in  the  data  indicate  that  some  time  is  involved  in 
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establishing  this  downward  flow  due  to  the  ground  vo-tex.  This  does  not 
seem  surprising  since  it  appears  physically  that  the  ground  vortex  flow 
must  represent  a  piling  up  of  the  rotor  tip  vortices.  Order  of  magnitude 
considerations  presented  in  Reference  3  indicates  that  the  strength  of  the 
ground  vortex  is  the  order  of  the  sum  of  all  of  the  vorticity  in  the  rotor 
wake  from  the  rotor  to  the  ground.  The  establishment  of  this  strong  vortex 
requires  a  time  of  the  order  of  the  rotor  height  divided  by  the  average 
induced  velocity. 

The  process  by  which  the  flow  field  is  established  is  undoubtedly  more 
complex  since  the  forward  moving  portion  of  the  wake  passing  over  the  ground 
will  produce  vortices  of  opposite  sign.  In  fact,  preliminary  theoretical 
calculations  indicate  that  some  mechanism  such  as  the  presence  of  a  ground 
boundary  layer  produced  by  the  upstream  flow  is  required  to  produce  a  flow- 
field  such  as  observed  from  the  flow  visualization  experiments. 

Note  that  at  a  given  acceleration  level  the  experimental  results  are 
very  repeatible.  Figures  A-7  and  A-8  (Appendix  A) show  the  comparison  of  a 
number  of  runs  in  this  test  condition  with  the  same  values  of  translational 
acceleration  and  deceleration. 

The  effects  of  this  low  value  of  acceleration  become  weaker  as  the 
collective  pitch  is  reduced  and  the  height-to-diameter  ratio  is  increased 
as  shown  in  Figure  7  for  example.  Also  included  in  this  figure  are  data 
points  taken  at  constant  speed  indicating  only  that  the  effects  of  trans¬ 
lational  acceleration  have  become  small. in  this  case. 
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Figures  8  through  10  show  the  effects  of  increasing  levels  of  acceler¬ 
ation  and  deceleration  at  the  intermediate  height-to-diameter  ratio.  Again 
the  effects  are  particularly  evident  in  pitching  moment  and  thrust.  An 
increasing  size  hysteresis  loop  is  noted  in  pitching  moment.  Comparing  the 
thrust  variations  with  advance  ratio  in  these  three  cases  it  can  be  seen 
that  as  the  acceleration  level  is  increased, the  average  thrust  is  increased 
indicating  less  down  flow  through  the  rotor  showing  that  the  ground  vortex/ 
recirculating  flow  does  not  have  time  to  become  fully  established. 

Figures  11  through  14  show  comparisons  of  the  effect  of  acceleration 
and  deceleration  directly.  The  largest  effects  are  seen  in  Figure  12.  Note 
in  particular  the  thrust  variation.  At  the  lowest  acceleration  (.007g's)  there 
is  a  sharp  decrease  in  thrust  at  an  advance  ratio  p  =  0.047.  This  decrease 
must  be  due  to  a  strong  downflow  through  the  rotor.  As  the  acceleration 
level  is  increased  the  decrease  becomes  smaller  and  smaller.  Similar  effects 
can  be  seen  in  the  other  figures. 

These  results  indicate  that  in  conditions  where  the  effect  of  the  presence 
of  the  ground  on  a  helicopter  rotor  is  strong  and  in  the  steady  state  where 
there  would  be  a  ground  vortex  or  recirculating  flow  present,  if  the  helicopter 
is  accelerating  or  decelerating  the  full  severity  of  the  effect  may  not  be  felt. 

These  data  also  indicate  that  rather  sudden  changes  in  pitching  moment 
occur  at  advance  ratios  of  the  order  of  0.05  indicating  that  sudden  control 
motions  will  be  required  to  keep  the  helicopter  in  equilibrium  flight.  Similar 
effects  were  noted  in  Reference  I  although  they  appeared  primarily  in  the 
rolling  moment.  In  the  experiments  reported  here  the  sudden  change  occurs  in 
the  pitching  moment  characteristic  rather  than  the  rolling  moment  due  to  the 
higher  flapping  stiffness  of  this  rotor. 
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We  now  consider  some  of  the  other  effects  shown  in  the  experimental 
data.  All  of  these  comparisons  are  made  at  the  same  value  of  translational 
acceleration. 

Reducing  height-to-diameter  ratio  of  course  increases  the  influence  of  the 
presence  of  the  ground  resulting  in  reduced  pitching  moments  and  smaller  changes 
in  rolling  moment.  Whether  the  effects  of  the  presence  of  the  ground  show  up 
primarily  in  pitching  moment  or  rolling  moment  depend  largely  on  the  rotor  blade 
flap  stiffness.  It  would  be  expected  that  the  presence  of  the  ground  would 
primarily  cause  a  variation  in  induced  velocity  along  the  longitudinal  axis  of 
the  rotor,  so  that  rolling  moment  changes  would  be  most  significant  on  low 
stiffness  rotors.  As  the  flap  stiffness  is  increased  the  effects  would  tend  to 
show  up  in  the  pitching  moment.  A  method  is  given  in  Reference  3  for  interpreting 
experimental  results  at  other  values  of  rotor  stiffness. 

The  thrust  increases  with  reduced  height  to  diameter  ratio  at  advance 
ratios  above  y  =  0.04.  Below  this  advance  ratio  the  general  trends  are  less 
clear  and  the  effect  of  height-to-diameter  becomes  weaker.  There  are 
generally  small  effect  on  torque  coefficient, which  does  not  vary 
strongly  either  with  advance  ratio  or  height-to-diameter  ratio.  Recall  that 
these  data  are  presented  for  a  given  collective  pitch  so  that  a  decreasing 
thrust  coefficient  at  approximately  constant  torque  coefficient  would  imply 
that  for  a  helicopter  in  flight  power  would  have  to  bi  increased  to  maintain 
equilibrium  flight. 

Now  consider  the  effects  of  collective  pitch  as  shown  in  Figures  15 
through  17.  At  a  given  height-to-diameter  ratio  increasing  the  collective 
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pitch  clearly  increases  the  severity  of  the  ground  effect  except  at  the  highest 
height-to-diameter  ratio.  The  irregular  variation  of  the  pitching  moment 
and  the  decrease  in  thrust  occur  at  lower  advance  ratios  when  the  collective 
pitch  is  reduced  indicating  that  the  data  is  roughly  scaling  like 


It  should  be  noted  that  these  experimental  results  indicate  clearly 
that  the  severe  effects  of  ground  proximity  as  caused  by  the  ground  vortex/ 
recirculating  flow  are  fundamentally  dependent  upon  collective  pitch  and  not 
disc  loading  as  indicated  for  example  in  Reference  1.  Note  that  in  fact 
in  Reference  1  variations  in  disc  loading  are  obtained  by  varying  collective 
pitch.  The  nominal  disc  loading  of  the  rotor  employed  in  these  experiments 
is  0.7  psf.  Very  similar  phenomena  to  that  noted  in  Reference  1  are  found 
in  these  experimental  results.  Direct  quantitative  comparison  are  difficult 
to  make  due  to  differences  in  the  rotor  characteristics. 
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Table  I.  Model  Rotor  Characteristics 


R 

Radius 

4  ft 

b 

Number  of  Blades 

4 

a 

Solidity 

.066 

r 

Lock  Number 

6.63 

P 

Flap  Frequency  Ratio 

1.33  per  rev 

SIR 

Tip  Speed 

189  fps 

Flap/Cyclic  Phase  Lag 

35° 

Twist  (linear) 

-8° 

Table  II.  Test  Conditions 


y  Advance  Ratio 

h  Rotor  Height  to  Diameter 

0  Collective  Pitch  at  .75 

c  Radius 

ag  Shaft  Angle  of  Attack 


0  to  0.1 


.23,  .34, 

8°,  10° 


.45 


0 


o 


a 


x 


Translational  Acceleration  .01 


•05,  0.1(g) 
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Figure  1.  Cross  Section  of  Test  Facility. 
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Figure  2.  Overall  View  of  Test  Facility 
and  Rotor  Model. 
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Figure  3.  Flow  Pattern  in  Ground  Vortex  Regime 
(U  =  .043.). 


Figure  4.  Flow  Pattern  in  Recirculation  Regime 
(U  =  .034). 
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Figure  5.  Boundaries  for  Recirculation  and  Ground  Vortex 
Flow  Determined  From  Flow  Visualization  Studies. 


Figure  6.  Variation  of  Rotor  Force  and  Moment  Coefficients  with  Advance 
Ratio  and  Translational  Acceleration  and  Deceleration, 


Figure  6.  Continued. 
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Figure  6.  Continued. 
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Figure  7 
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ariation  of  Rotor  Force  and  Moment  Coefficients  with  Advance 
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Figure  8.  Continued. 


Figure  8.  Continued. 
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Figure  9.  Continued 
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Figure  10. 


Figure  10. 


Figure  li.  Continued 
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Figure  15.  Variation  of  Rotor  Force  and  Moment  Coefficients  with 
Advance  Ratio  and  Collective  Pitch,  h  =  0.23,  a  =  O.i 


Figure  15.  Continued. 


Variation  of  Rotor  Force  and  Moment  Coefficients  with 
Advance  Ratio  and  Collective  Pitch,  h  =  0.23,  a  =  -0 
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APPENDIX  A 


EXPERIMENTAL  DATA 


Figures  A-l  through  A-14  present  additional  experimental  data  taken 
in  the  course  of  this  research  program  that  is  not  presented  or  discussed 
in  the  main  body  of  the  report . 

Figure  A-l  shows  experimental  results  for  the  force  and  moment  coef¬ 
ficients  at  a  collective  pitch  of  8.4°  and  a  height-to-diameter  ratio  of 
0.23  at  various  advance  ratios  for  steady  conditions  with  no  translational 
acceleration.  Figures  A-2  and  A-3  show  the  effect  of  acceleration  and 
deceleration  for  the  same  collective  pitch  and  height-to-diameter  ratio  as 
Figure  A-l.  Figure  A-4  presents  a  direct  comparison  of  the  data  presented 
in  Figures  A-l  through  A-3.  Figure  A-5  shows  the  effects  of  acceleration 
and  deceleration  at  ©c  =  8.4°,  h  =  0.45. 

Figures  A-6  and  A-7  show  comparisons  in  two  cases  (acceleration  and 
deceleration)  where  multiple  runs  were  made  at  the  same  collective  pitch 
and  height-to-diameter  ratio  indicating  the  repeatibility  of  the  experi¬ 
mental  data  particularly  with  respect  to  the  effect  of  acceleration  and 
deceleration. 

Figures  A-8  through  A-10  show  additional  results  on  the  effect  of 
acceleration  and  deceleration. 

Figures  A-ll  through  A-14  show  directly  the  effect  of  height-to- 
diameter  ratio  at  various  values  of  collective  pitch  and  horizontal 
acceleration. 
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Figure  A-l.  Continued 
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Figure  A-l.  Continued. 
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Continued. 
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Variation  of  Rotor  Force  and  Moment  Coefficients  with  Advance 


Figure  A-3.  Continued. 


Figure  A-4.  Comparison  of  Rotor  Force  and  Moment  Coefficient  Variations 

with  Advance  Ratio  and  Translational  Acceleration  (from  Figures 
A-l  through  A-3)  8  =  8.4°,  h  =  0.23,  a  =  0,  ±0.01g. 
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Continued. 


Figure 


Figure  A-5.  Variation  of  Rotor  Force  and  Moment  Coefficients  with  Advance 
Ratio  and  Translational  Acceleration,  0  =  8.4°,  h  =  0.45 
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Figure  A-5. 
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Continued . 


Figure  A-6.  Comparison  of  Rotor  Force  and  Moment  Coefficient  Variations 
with  Advance  Ratio  and  Translational  Acceleration  (Multiple 
Data  Runs)  0  =  9.8°,  h  =  0.23,  a  =  O.Olg. 
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Figure  A-7.  Comparison  of  Rotor  Force  and  Moment  Coefficient  Variations 
with  Advance  Ratio  and  Translational  Deceleration  (Multiple 
Data  Runs)  9  =  9.8°,  h  =  0.34,  a  =  -O.Olg. 


Figure  A-7.  Continued. 
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Continued . 


Figure  A-8.  Continued. 


Comparison  of  Rotor  Force  and  Moment  Coefficient  Variations 
with  Advance  Ratio  and  Translational  Acceleration  and 
Deceleration,  0  =  9.8°,  h  =  0.45,  a  =  ±0.02g. 
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Figure  A-12.  Variation  in  Rotor  Force  and  Moment  Coefficients  witjj 
Advance  Ratio  and  Height-to-Diameter  Ratio,  0  =  9.8 
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Figure  A-13.  Continued. 
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Figure  A-14.  Variation  in  Rotor  Force  and  Moment  Coefficient  with  Advance 
Ratio  and  Height-to-Diameter  Ratio,  0  =  9.8°,  a  =  -O.Olg. 
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igure  A-14.  Continued 


